A large-area inductively coupled plasma ͑ICP͒ source capable of securing azimuthal plasma uniformity at a 40.00 MHz has been developed. The antenna, referred to as a capacitor distributed resonance antenna, minimizes the azimuthally nonuniform antenna capacitive field with eight distributed vertical capacitors. The antenna was designed to maximize the antenna current using L-C series resonance. Based on plasma diagnostics with a 13.56 MHz conventional ICP, comparative analyses were performed in terms of the plasma density, electron temperature, and frequency characteristics of the electron energy probability function ͑EEPF͒. In addition, the frequency dependency of the EEPF was found in the collisional ͑ en Ͼ ͒, normal skin ͓v th / ␦ Ӷ ͑ 2 + en 2 ͒ 1/2 ͔ regime and the physical causes of were examined.
In accordance with the trend toward increased wafer processing area using plasma, there is need to develop plasma sources capable of generating and controlling uniform plasma in an area of 30 cm or greater. Accordingly, development of various plasma sources has been reported. 1 In the case of a large-area inductively coupled plasma ͑ICP͒, the azimuthally nonuniform capacitive field 2 created by the spatial voltage drop of the antenna is known to cause symmetry breaking of the plasma density. Several efforts to resolve this problem, including inserting a capacitor at the antenna ground end to alleviate the total antenna voltage drop, have been reported. 3, 4 Another approach entailed leveling the capacitive field of the azimuthal direction through operation of a traveling wave operation. 5 Other means of achieving azimuthal plasma uniformity involve adjusting the antenna arrangement and current direction. These methods have been widely used in the development of large-area plasma sources, because they are electrically stable and allow diverse structural modifications. 6 Another factor that is equally important as generating uniform plasma is controlling the plasma parameters. Plasma parameters such as the electron temperature, density, and electron energy probability function ͑EEPF͒ are principle parameters that directly affect nanostructure manufacturing. They vary sensitively according to the driving frequency, gas type, and pressure. A study on the fundamental properties of plasma parameters according to frequency variation ͑0.45-13.56 MHz͒ was conducted by Godyak. He reported that the coil current decreases as the frequency increases, and that the elevated plasma rf field at higher frequencies can partially compensate for the reduced coil current. It has also been reported that, in practice, power transfer efficiency is not frequency dependent under the conditions of 3.39-13.56 MHz, 10 mTorr, and 100 W. 7 On the basis of EEPF measurements with increasing driving frequency, 8, 9 it has been reported that the most significant characteristics are reductions of electron temperature and electron density. It has also been found that Maxwellized plasma does not cause the EEPF to be frequency dependent in the collisional ͑ en Ͼ ͒, normal skin ͓v th / ␦ Ӷ ͑ 2 + en 2 ͒ 1/2 ͔ regime ͑under conditions of 200 W, 10 mTorr or greater, and application of an electrostatic shield͒.
For the purposes of the present study, high-density ͑n e ϳ 10 11 / cm 3 ͒, low-electron temperature ͑T e ϳ 1.5 -2.5 eV͒ plasma with azimuthal symmetry was implemented using a 45 cm capacitor distributed resonance antenna ͑CDRA͒ at a driving frequency of 40.00 MHz. Comparative analyses of variations in the plasma parameters according to an increase in frequency were performed based on EEPF measurements between 13.56 MHz ͑loop antenna, 40 cm diameter͒ and 40.00 MHz using an argon gas. Figure 1 shows the experimental setup. The experimental chamber is a cylinder with a diameter of 60 cm and a height of 30 cm, and the antenna was mounted on a quartz plate with a diameter of 50 cm and a thickness of 2 cm. An rf compensated single Langmuir probe that can be moved in the radial direction was installed 10 cm below the dielectric window. The effective electron temperature ͑T eff =2/ 3͗͒͘ and electron density ͓n e = ͐g e ͑͒d͔ were calculated from the EEPF using the numerical differentiation method. 10 The antenna structure is shown in detail in pattern 2 cm wide is printed on each PCB, which has a diameter of 45 cm and a thickness of 3.2 mm. The antenna was assembled by connecting eight 100 pF ͑error ϳ1 pF͒ ceramic capacitors and ten copper loads on to PCB 1, as shown in Fig. 2͑a͒ , and stacking PCB 1, as shown in Fig. 2͑b͒ . The rf current is transferred to the antenna through the input of Fig. 2͑b͒ by repeating the sequence of ͓vertical copper load → PCB 1 metal pattern→ vertical capacitor→ PCB 2 metal pattern͔, and the total antenna structure forms an L-C series circuit. The antenna was designed to yield an L-C series resonance frequency of 40.00 MHz, and the driving frequency was fixed at 40.00 MHz for the experiment. The entire antenna is defined as a single load impedance and it is denoted as Z L . Since a CDRA has a capacitor inserted between the antenna inductors, Z L can be regarded as a series connection of inductors and capacitors. If we denote the total inductance of the antenna as L T and the total inserted capacitance C T , the total voltage across the antenna V T can be expressed as follows ͑I: antenna current, R: antenna resistance, and : driving frequency͒,
Here, ⍀ is a very small impedance element that represents ancillary components around the antenna ͑even when the antenna reaches the L-C series resonance frequency R due to L T and C T , there will be a voltage drop of
caused by parasitic capacitance and other insignificant impedance elements from the structure surrounding the antenna͒. If we now assume that L T and C T are divided into N segments and each segment maintains a series connection with the antenna, the voltage drop at the two ends, L i and C i , of each divided segment can be expressed as follows:
In other words, the local voltage drop of each antenna segment V iL is proportional to the antenna current and frequency and inversely proportional to the number of segments N. For a typical loop antenna, the antenna current rapidly decreases and the antenna voltage increases significantly as the driving frequency and the antenna inductance increase. In the case of a CDRA, it is driven at a frequency of R =1/ ͑L T C T ͒ 1/2 ͑L-C series resonance frequency͒, and the antenna's total voltage drop is reduced to V T ͑ = R ͒ = I͑R 2 + ⍀ 2 ͒ 1/2 . Since the local voltage V iL is inversely proportional to the number of segments N, there is less antenna voltage and more current compared to a typical loop antenna. It is thus possible to reduce capacitive coupling and induce a relatively large amount of current even at a high frequency.
Figures 3͑a͒ and 3͑b͒ show the spatial distributions of electron density of the plasma generated at the driving frequency of 13.56 and 40.00 MHz ͑radial scan results͒. In the case of driving a large antenna in the VHF range ͑30-300 MHz͒, the magnitudes of voltage and current are different at each part of the antenna due to the wave effect, and there may be current or voltage nodes present. Such phenomena severely compromise the spatial field uniformity around the antenna and are a major impediment to creating uniform plasma. In the case of a CDRA, however, the antenna is driven at the L-C series resonance frequency, allocating an identical voltage to the distributed capacitors and maintaining a uniform current phase for each antenna part. These electric characteristics create almost uniform capacitive and inductive fields in the azimuthal direction. In Fig.  3͑a͒ , electron density with broken symmetry is formed because the azimuthally nonuniform capacitive field of loop antenna. However, in the case of resonance operation using CDRA, almost symmetric electron density distribution is formed at each pressure conditions, as shown in Fig. 3͑b͒ . It seems apparent that antenna voltage distribution due to resonance characteristics and the current phase synchronization of each antenna part influenced the improved plasma uniformity in the azimuthal direction.
Plasma parameters of the 40.00 MHz CDRA compared with a 13.56 MHz ICP are displayed in Figs. 4͑a͒ and 4͑b͒ ͑a single data point indicated in the graph represents an average of 26 points spatially measured in terms of pressure and power͒. Similar to results of previous studies, 9 the plasma density and the electron temperature displayed a decreasing tendency at a given pressure and input power as the fre- quency increased. The reasons for this can be inferred from Eq. ͑3͒. In the CDRA's case, each local voltage V iL of the antenna distributed to PCB 1 is proportional to the antenna current I and the driving frequency , and inversely proportional to the number of antenna segments N ͑since the capacitors are vertically aligned, the effect of the capacitive field on the plasma is negligible͒. When using resonance, although the local antenna voltage V iL increases with the antenna current I, the number of segments N offsets the effects, and a very high antenna voltage can be avoided. However, if the driving frequency is high, the voltage drop created by N will be limited. At a high frequency around 40.00 MHz, the antenna maintains a high local voltage and capacitive coupling increases with the frequency. A density of n e Ͼ 10 11 / cm 3 could be maintained even though the electron density was lower than that of the plasma generated at 13.56 MHz, because the increase of the antenna current due to resonance compensated for the plasma loss caused by capacitive coupling.
The effect of improved capacitive coupling due to the increased antenna voltage can be verified from the measured EEPF. Figure 5͑a͒ displays the results of EEPF of 13.56 and 40.00 MHz evaluated at an input power range of 0.8-1.6 kW. The increase of the antenna voltage according to the increasing driving frequency also raises capacitive coupling. This, in turn, enhances plasma loss and ultimately results in a reduction of the plasma density. Furthermore, depletion of high energy electrons with increasing driving frequency was confirmed from the EEPF results ͑because electron density is sufficiently high ͑n e Ͼ 10 11 / cm 3 ͒ in this experiment, even if local capacitive loss exists by antenna voltage, Maxwellized plasma is formed by the electronelectron collision ͑ ee ϰ n e 3/2 ͒ in the bulk plasma͒. When an electrostatic shield is used, there is almost no plasma loss due to the enhanced antenna capacitive field, and the frequency dependency of the EEPF is practically nonexistent for the conditions of pressure and input power capable of reaching Maxwellization. 8 However, when an electrostatic shield is not used, a frequency dependency of the electron loss exists due to the capacitive field enhancement for the Maxwellization plasma in the collisional ͑ en Ͼ ͒, normal skin ͓v th / ␦ Ӷ ͑ 2 + en 2 ͒ 1/2 ͔ regime. This makes the EEPF frequency dependent, and the effects can be confirmed from the density normalized EEPF in Fig. 5͑b͒ . To analyze the capacitive plasma loss of inductively coupled plasma that incorporates frequency dependency in more detail, we need EEPF measurement around the antenna and additional studies on the transient characteristic of wall potential.
This work involved implementation of an azimuthally symmetric high-density ͑n e Ͼ 10 11 / cm 3 ͒, low-electron temperature ͑T e ϳ 1.5-2.5 eV͒ plasma using a 45 cm large-area CDRA driven at 40.00 MHz. Based on plasma diagnostics, comparative analyses were performed with a conventional 13.56 MHz ICP to assess the frequency characteristics of the plasma density, electron temperature, and EEPF. Furthermore, it was confirmed that, if capacitive coupling with the antenna is taken into consideration, the EEPF becomes frequency dependent in the collisional ͑ en Ͼ ͒, normal skin ͓v th / ␦ Ӷ ͑ 
